Spur cell anemia may occur in severe liver disease including alcoholic cirrhosis. Spur cell anemia red blood cells (RBCs) have a characteristic morphology, with irregular projections, an increased ratio of membrane cholesterol (Ch) t o phospholipid, evidence of oxidative damage, and shortened survival resulting in hemolytic anemia. Normal RBCs may acquire many of the features of spur cells either by transfusion into a spur cell patient or in an in vitro model system that loads the RBC membrane with Ch relative t o phospholipid by means of Ch-rich, phospholipid-Ch sonicates. We found evidence of abnormal phospholipid repair metabolism in spur cell anemia RBCs characterized by decreased arachidonate (Ar) uptake into phospholipids and by increased uptake into a fatty acid membrane repair intermediate, acylcarnitine (AcylCn) acteristic morphological abnormalities, hemolytic anemia, and membranes with excess cholesterol (Ch) relative to phospholipids.' Normal RBCs transfused into spur cell anemia patients also acquire excess Ch, the spur cell morphological abnormality, and shortened survival.' Cooper et a1 developed a model of spur cell anemia by incubating normal RBCs in vitro with Ch-rich dispersates, resulting in broad flat cells with an irregular contour and decreased deformability.' To explain additional changes in morphology and decreased RBC survival, evidence was presented that these RBCs were then further modified in the circulation of patients with functioning splenic tissue. ' During the course of their existence, RBCs are subjected to constant ambient oxygen stress resulting in fatty acid peroxidation of the phospholipid^.^ The RBCs of patients with alcoholic liver disease have increased risk of such oxidative a t t a~k .~.~ Peroxidized phospholipids are repaired by removal of the peroxidized fatty acids, hazardous as links in free radical chain reactions, by phospholipases intrinsic to the RBC membrane.3 Removal of the peroxidized fatty acid residue leaves a lysophospholipid, a potentially lytic amphiphilic compound.' Although RBCs cannot synthesize phospholipids de novo, they can repair lysophospholipids by adding fatty acid chains to convert these lytic molecules to stable diacyl glyceroph~sphates.~' Acylcarnitine (AcylCn), formed from acyl coenzyme A (acyl-CoA) and carnitine, is a metabolic intermediate serving as a store of activated acyl groups in RBC membranes available for transfer back to acyl-CoA.' From acyl-CoA, the activated fatty acid residues are used for repair of lysophospholipid by lysophosphocholine acyl transferase (LAT).* nolamine, phosphatidylserine, and phosphatidylcholine. Uptake of [l4C1Ar into AcylCn increased (control AcylCn, 169 ? 31 pmol/lO1O RBCs; Ch-loaded AcylCn, 196 f 35 pmol/lO" RBCs; P = .0012). Thimerosal, an inhibitor of arachidonoylCoAl-palmitoyl-sn-glycero-3-phosphocholine acyl transferase or lysophosphocholine acyl transferase (LAT), produced a similar pattern of metabolic abnormality, with decreased incorporation into phospholipid but relative increase into AcylCn. We assayed LA1 in RBC membranes from Ch-loaded RBCs, using [l4C1 arachidonoyl CoA as precursor, and found similar decreased LA1 activity at concentrations of 1-palmitoyllyrophosphatidylcholine (LPC) from 1 t o 30 pmol/L. Similar LAT assay r e s u b were obtained using ['%I palmitoyl LPC as the precursor. We conclude that Ch-loading of RBC membranes results in inhibition of LAT in the cellfree system in vitro and may account for the inhibited phospholipid repair in Ch-loaded intact RBCs in vitro and in spur cell anemia RBCs in vivo. Decreased ability t o replace peroxidized membrane fatty acid by this metabolic pathway may contribute t o the hemolytic process in spur cell anemia. This is a US government work. There are no restrictions on its use.
Spur cell anemia may occur in severe liver disease including alcoholic cirrhosis. Spur cell anemia red blood cells (RBCs) have a characteristic morphology, with irregular projections, an increased ratio of membrane cholesterol (Ch) t o phospholipid, evidence of oxidative damage, and shortened survival resulting in hemolytic anemia. Normal RBCs may acquire many of the features of spur cells either by transfusion into a spur cell patient or in an in vitro model system that loads the RBC membrane with Ch relative t o phospholipid by means of Ch-rich, phospholipid-Ch sonicates. We found evidence of abnormal phospholipid repair metabolism in spur cell anemia RBCs characterized by decreased arachidonate (Ar) uptake into phospholipids and by increased uptake into a fatty acid membrane repair intermediate, acylcarnitine acteristic morphological abnormalities, hemolytic anemia, and membranes with excess cholesterol (Ch) relative to phospholipids.' Normal RBCs transfused into spur cell anemia patients also acquire excess Ch, the spur cell morphological abnormality, and shortened survival. ' Cooper et a1 developed a model of spur cell anemia by incubating normal RBCs in vitro with Ch-rich dispersates, resulting in broad flat cells with an irregular contour and decreased deformability.' To explain additional changes in morphology and decreased RBC survival, evidence was presented that these RBCs were then further modified in the circulation of patients with functioning splenic tissue. ' During the course of their existence, RBCs are subjected to constant ambient oxygen stress resulting in fatty acid peroxidation of the phospholipid^.^ The RBCs of patients with alcoholic liver disease have increased risk of such oxidative a t t a~k .~.~ Peroxidized phospholipids are repaired by removal of the peroxidized fatty acids, hazardous as links in free radical chain reactions, by phospholipases intrinsic to the RBC membrane.3 Removal of the peroxidized fatty acid residue leaves a lysophospholipid, a potentially lytic amphiphilic compound.' Although RBCs cannot synthesize phospholipids de novo, they can repair lysophospholipids by adding fatty acid chains to convert these lytic molecules to stable diacyl glyceroph~sphates.~' Acylcarnitine (AcylCn), formed from acyl coenzyme A (acyl-CoA) and carnitine, is a metabolic intermediate serving as a store of activated acyl groups in RBC membranes available for transfer back to acyl-CoA.' From acyl-CoA, the activated fatty acid residues are used for repair of lysophospholipid by lysophosphocholine acyl transferase (LAT).* We recently showed that spur cell RBC membranes have evidence of inhibited phospholipid repair with decreased incorporation of ['4C]arachidonate (Ar) into phospholipids and increased incorporation into AcylCn.' Here, we report that Ch-loading of normal RBCs in vitro results in lipid metabolism changes similar to those previously observed in spur cell anemia R B C S .~ Ch-loading may produce not only the morphological change observed in spur cells but also the inhibition of LAT, resulting in an acquired defect in phospholipid repair that contributes to RBC hemolysis. Blood was obtained aseptically from patients and normal volunteers according to a protocol approved by the institutional review board. Reduced glutathione (GSH) was determined by the method of Beutler.'" White blood cells and platelets were removed by filtration through cellulose columns.'" Phosphate-buffered isotonic saline with 8 m m o K glucose (pH 7.4; PBS) with defatted BSA (0.8 g/dL; PBS-BSA) was used to wash RBCs after incubation. For [I4C]Ar incorporation experiments, PBS-BSA was sterilized by filtration and deoxygenated with nitrogen, and the lL4C1Ar was diluted with ['*C]Ar in ethanol and added drop-wise with mixing. Ethanol was removed from the mixture with a stream of nitrogen for 5 to 30 minutes, and the labeled PBS-BSA was incubated for 24 to 48 hours additionally in the dark at room temperature. Ch-rich dispersions were prepared with varying ratios of Ch to phosphatidylcholine (PC; ChPC) by sonication following the method of Cooper' with the added precaution of performing the sonication under a stream of nitrogen to minimize peroxidation of the lipids. Ten volumes of sonicate were mixed with 4 volumes of serum that had been previously heated to denature lysophosphatidylcholine Ch acyltransferase (at 56°C for 30 minutes), centrifuged for 30 minutes at 21,80Og, and the supernatant was saved. Then, washed normal autologous RBCs were incubated for 16 hours in air with mild to-and-fro agitation in Hanks' balanced salt solution with penicillin (100 U/mL) and streptomycin (100 pg/mL) and with either dispersate mixtures with ChPC ratios of 1 .0 or 1 .9 or with control mixtures (autologous serum present in a similar proportion isotonic saline).' RBC morphological changes were assessed by phase microscopy and after fixation in 2% glutaraldehyde by light microscopy. Finally, the RBCs were labeled with SO pmol/L ["C] fatty acids in PBS-BSA with 8 m m o K glucose, penicillin (100 U/mL), and streptomycin (100 p g h L [pH 7.41; for 4 hours at 37°C). In certain experiments BHT (100 pmol/L) and/or EDTA (1 mg/mL) were present during both sonication and labeling stages. Additionally, control fresh RBCs were incubated with SO pmol/L thimerosal for 1 hour in PBS-BSA at 25°C and then were washed and labeled for 20 hours as previously indicated.
Lipids were extracted from the RBCs with isopropanol and chloroform' ' and were analyzed by high-performance liquid chromatography (HPLC) on 0.5-X 30-cm p Porasil columns (Waters, Milford, MA) eluted with hexane/2-propanol/H20 gradient (6:8:0.75, vol/vol) to (6:8: 1.4, vol/vol).'* The collected fractions were identified by chromatography with known standards and were analyzed by UV spectroscopy and phosphate analysis." The HPLC fractions were monitored at 206 nm and 234 nm by UV spectrophotometers in series, and radioactivity was determined with a scintillation counter. Enzyme assay. Acyl-CoA: 1 :palmitoyl-sn-glycero-3-phosphocholine acyl transferase (LAT) was assayed on membranes containing 50 p g of protein for 10 minutes (while reaction was linear) using Statistical analysis used a software program "True Epistat" from Epistat Services (Richardson, TX). Results are expressed as means ? standard error of the mean (SEM). Paired Student's t-tests were performed to compare two samples. In experiments in which 3 or more samples were compared, ANOVA for repeated measures and the Tukey multiple comparison procedure were used to evaluate the significance of differences between multiple samples.
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RESULTS
RBCs loaded with Ch-rich dispersates at Ch/PC of 1.9 showed the redundant, scalloped membranes similar to those of the spur cell model system of Cooper et al', observed by phase microscopy or after fixation by glutaraldehyde (Fig  1) . This morphological change (Fig ID) was caused by the ratio of Ch to PC and was not a result of the concentration of Ch. RBCs incubated with the same Ch concentration as those incubated with ChPC ratio of 1.9 (3.70 mmol/L) but with PC increased to 3.70 mmol/L so that Ch/PC equaled 1 showed no morphological abnormalities (Fig 1C) .
We previously reported that, in spur cell anemia, RBCs decreased incorporation of [I4C] Ar into RBC phospholipids and increased uptake into AcylCn.' Three additional spur cell patients have since been studied with similar results (data not shown). We then examined, in 11 experiments on RBCs from 8 normal control subjects, to what degree these observations extended to the model system of Cooper et a12 shown in Fig I . Table 1 Table 1 ).
In 30 determinations, Ch-loaded (Ch/PC = 1.9) RBCs also showed slightly decreased GSH levels (6.44 5 0.16 pmol/g hemoglobin) as compared with that for paired, incubated control RBC (Ch/PC = 1) GSH levels (6.88 t 0.16 ymoVg hemoglobin; paired t-test, two-tailed, P < .0001).
RBCs exposed to a dispersate with 3.70 mmoVL Ch and exposed to ambient oxygen tensions for 16 hours have GSH levels that are slightly decreased (3% to 5%) from those of RBCs exposed to 1.95 mmoVL Ch, suggesting a possible role of oxidized Ch in decreasing RBC GSH levels. However, no difference was observed in the integrated absorption scans at 234 nm between control and Ch-loaded RBC extracts subjected to HPLC (Ch-loaded, 103.4% f 11.9% of control; n = 5 ; P = .7889), providing no evidence of an increase in conjugated dienes measured by this means.
When RBCs were incubated with thimerosal, an inhibitor of LAT,I5 there was an increased relative labeling of AcylCn ( Table 2 ) similar to that in spur cell anemia or that after Chloading. Total incorporation is inhibited by thimerosal, but AcylCn is relatively spared: therefore, the percentage of the total uptake represented by AcylCn is increased. Inhibition of LAT in intact RBCs by SO pmol/L thimerosal (26%; see Table 2 ) was considerably less than inhibition of LAT in isolated membranes by SO pmol/L of the same agent (95%; data not shown). LAT is likely to be more accessible to thimerosal in membranes than in RBCs.
Because thimerosal, a known inhibitor of LAT, had a similar action in inhibiting phospholipid repair (however, with relative sparing of AcylCn) as had Ch-loading, a possible impairment of this enzyme by Ch-loading was suggested. The sparing of AcylCn implies that acyl-CoA synthetase inhibition is not the rate-limiting factor in Ch-loaded RBCs. Figure 2 shows LAT assayed using [''C] ArCoA at multiple concentrations of palmitoyl LPC, comparing membranes from RBCs that had been incubated with ChPC = I , or CN Paired t-test, two-tailed, Ch-loaded (Ch/PC = 1.9) versus control RBCs (ChlPC = 1; n = 11).
For nmollmglmin; 95% confidence interval, 52 to 84; P < .OOOOl).
DISCUSSION
Increasing the ratio of Ch to PC in the media increases RBC membrane Ch? changes RBC morphology (Fig l) , and modulates membrane [I4C]Ar uptake (Table 1 ). Cooper and coworkers have shown that normal RBCs acquired the primary defect of spur cell anemia by loading with Ch in vitro by serum from spur cell anemia patients or with Ch-rich dispersates.' Our previous observation of perturbed RBC phospholipid biosynthesis in spur cell anemia seems adequately explained by this Ch-loading, but, because there are many steps in phospholipid r e~a i r ,~ the exact site of impairment is difficult to define. The nearly normal or increased uptake of activated fatty acids into AcylCn in both spur cell RBCs and Ch-loaded RBCs suggests that the rate-limiting step may be after fatty acid activation. We have assayed acyl-CoA synthetase in RBCs from a single patient with spur cell anemia and found no difference in enzyme activity (data not shown). Arachidonic acid has four double bonds rendering it susceptible to peroxidation, human erythrocyte membranes transfer arachidonoyl residues from ArCoA to the second carbon of glycero lipids at a brisk ratel', and ArCoA is a reasonable precursor for LAT, suggesting that Ar is an appropriate fatty acid to use for the study of phospholipid repair. Decreased transfer of CoA-activated acyl groups to phospholipids by membrane Ch-loading may be explained by inhibition of LAT. Because LAT is inhibited by Chloading at all concentrations of LPC to the point where LPC itself is inhibitory, LPC deficiency in the cytosol is not likely to explain the LAT inhibition. However, Ch-loading of the RBC membrane may interfere with diffusion of water-soluble or amphiphilic precursors such as LPC or acyl-CoA from reaching the LAT embedded in the lipid membrane. The reduction in activity of LAT is greater than that in spur cell RBCs, which are a mixture of actual spur cells and reticulocytes.
Thus, it is not clear how Ch-loading inhibits LAT. Whereas our initial hypothesis had been that Ch-loading made RBCs more labile to oxidative damage, the decrease in RBC glutathione is slight and appears to be as related to the concentration of Ch as to the ratio of Ch to phospholipid. No increase in conjugated dienes detected at 234 nm on HPLC was observed either in lipid extracts of spur cell anemia RBCs9 or in Ch loaded RBCs. An abnormality in removal of oxidized phospholipids, such as that in defective phospholipase activity, might be expected to increase the absorption at 234 nm. To account for the effect of Ch concentration on the decrease in GSH, Ch may be oxidized by ambient oxygen during RBC incubation, with subsequent oxidation of the GSH being dependent on the amount of oxidized Ch. The failure to have an appreciable effect on changes produced by Ch-loading on phospholipid repair by using EDTA and/or BHT (data not shown) also suggests that these in vitro changes are unrelated to oxidative stress. The observation of decreased GSH levels in liver disease RBCs4 and spur cell anemia RBCs' may result not from Ch-loading by the abnormal lipoproteins of the plasma of such patients but from subsequent splenic conditioning of the RBCs by oxidants released by splenic macrophages. This splenic macrophage activity is responsible also for conversion of the scalloped, redundant membranes of Ch-loaded RBCs to the irregular spurs observed in the peripheral blood RBCs of patients with spleens and spur cell anemia.'
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